Graft-versus-host disease (GVHD) is a lethal complication of allogeneic hematopoietic stem cell transplantation (HSCT) where immunocompetent donor T cells attack the genetically disparate host cells. The predominant symptoms of acute GVHD occur in the skin, liver, and intestine. Induction of acute GVHD can be divided into three phases: recipient conditioning, donor T cell activation, and effector cell-mediated GVHD. Chronic GVHD usually appears up to 100 days after HSCT and is characterized by symptoms similar to those observed for autoimmune disease. It is possible that chronic GVHD is the result of autoreactive T cells that escaped negative selection due to damage to the thymus from conditioning regimens, acute GVHD, and/or age related atrophy. Recent advances in the understanding of the basic mechanisms involved in GVHD pathophysiology have led to new strategies designed to block GVHD. This review focuses on recent developments in the treatment of GVHD, including insights gained from our own experimental studies.
INTRODUCTION
The widespread application of allogeneic hematopoietic stem cell transplantation (HSCT) for the treatment of hematological malignancies and other diseases is restricted by the poor availability of suitable donors. 1-4 Significant barriers to successful major histocompatibility complex (MHC) mismatched HSCT include the increased risk of graft failure and the possible induction of severe and refractory acute and/or chronic graft-versus-host disease (GVHD). Even when the immune response is controlled through use of immunosuppressants, successfully engrafted recipients, free from active GVHD, often show delayed immune reconstitution and remain susceptible to fatal infection. In addition, suppression of the host immune response can lead to an increased risk of leukemic relapse. [5] [6] [7] [8] In this article, approaches to the prevention of GVHD are discussed with respect to three areas: (1) GVHD pathophysiology, (2) regimens in common clinical use, and (3) regimens under investigation.
GVHD PATHOPHYSIOLOGY
Acute GVHD is a pathological state that arises secondary to donor T cell engraftment and manifests as skin rash, diarrhea, jaundice, and wasting, such that the predominant symptoms are related to the skin, liver, and gastrointestinal (GI) tract. The majority of patients with grade III to IV acute GVHD die of their disease. 9 Chronic GVHD usually begins at least 100 days after HSCT and can evolve from acute GVHD, follow the resolution of acute GVHD, or even start in patients without any history of acute GVHD. Chronic GVHD can mimic certain autoimmune diseases such as systemic lupus erythematosus, systemic sclerosis, and Sjogren's syndrome. 10 Patients receiving peripheral blood stem cell transplantation have a higher incidence of chronic GVHD than those receiving standard HSCT. 11 From the pathophysiological standpoint, the course of acute GVHD can be divided into three phases: (1) damage and cellular activation induced by the preconditioning treatment, (2) donor lymphocyte (T cells) activation, and (3) cellular and inflammatory effectors (figure 1). 12, 13 Damage to the thymus may allow autoreactive T cells to escape negative selection, which then promotes T-helper 2 (Th2) responses and autoreactive B cell activation, leading to chronic GVHD (figure 2).
PATHOPHYSIOLOGY OF ACUTE GVHD

Phase 1: Damage and cellular activation induced by preconditioning
The first phase of acute GVHD occurs before the donor cells are even infused. Tissue damage caused by factors such as underlying disease, treatment of underlying disease, infection, and transplantation preconditioning can lead to cellular activation and release of inflammatory cytokines including tumor necrosis factor (TNF)-α, interleukin (IL)-1, and IL-6. These cytokines induce the upregulation of host antigens and adhesion molecules allowing donor T cells to respond to host antigens. Damage to the GI mucosa induced by preconditioning can permit bacteria and bacterial endotoxins to enter the systemic circulation from the GI tract increasing the secretion of inflammatory cytokines from macrophages. 14, 15 Phase 2: Activation of donor lymphocytes (T cells) Donor T cell activation constitutes the second phase of acute GVHD. Donor T cells recognize host antigen presenting cells (APC) and differentiate into T-helper 1 (Th1) cells that secrete Interferon (IFN)-γ and IL-2. 16, 17 Phase 3: Cellular and inflammatory effectors In the third phase, target cells are injured. Th1 cells that underwent differentiation during phase 2 induce cytotoxic T cell lymphocytes (CTL), and activate natural killer (NK) cells. These cells then attack various host target cells via Fas and perforin pathways. Th1 cells can also prime macrophages leading to increased production of inflammatory cytokines, such as TNF-α, IL-1, and nitric oxide (NO), in response to stimulation by endotoxins that enter the systemic circulation from the GI tract. These cytotoxic molecules directly attack various host tissues and underlie the clinical manifestations of acute GVHD. 14, 18 
PATHOPHYSIOLOGY OF CHRONIC GVHD
A murine model of chronic GVHD can be induced by the injection of DBA/2 (H-2 d ) spleen cells into immunocompetent (C57BL/6 x DBA/2) F1 (H-2 b/d ) mice. These mice then show features of a lupus-like disease with renal involvement including autoantibody formation and polyclonal B cell activation. In this model, the small numbers of donor CD8+ CTL precursors lead to Th2 activation by donor CD4+ T cells and impaired elimination of autoreactive host B cells. 19 This murine model is not relevant for human chronic GVHD because, in humans, host B cells do not survive after HSCT and glomerulonephritis is a very unusual manifestation of chronic GVHD. However, this model has demonstrated two key elements in the mechanisms of human chronic GVHD. The first is that the disease pathophysiology in chronic GVHD is dependent Iwasaki upon the continuous presence of host-reactive donor T cells. The second insight from this model is the predominant Th2 activation in chronic GVHD. The thymus plays a critical role in the prevention of autoimmunity by eliminating autoreactive T cells. It has been suggested that chronic GVHD is caused by autoreactive T cells that escape negative selection in the thymus damaged by conditioning regimens, acute GVHD, and/or age-related atrophy. 20 Murine and human studies of chronic GVHD have revealed involution of the thymic epithelium, lymphocyte depletion, disappearance of Hassal corpuscles, and loss of thymic function. 21, 22 Taken together, these findings suggest that chronic GVHD, which can occur months after the allogeneic HSCT, may be due to the Th2 immune response of donor CD4+ T cells that escaped the negative thymic selection and which then go on to recognize MHC antigens on host APC. These donor CD4+ T cells then provide help to host B cells to synthesize autoantibodies against various host tissue antigens (figure 2).
REGIMENS IN COMMON CLINICAL USE
Immunosuppressive agents that disrupt phase 2 of the GVHD cascade are in wide use. Some of the commonly used immunosuppressive agents, including cyclosporin, corticosteroids, tacrolimus, mycophenolate mofetil, and T cell depletion by Campath-1, are discussed.
Cyclosporin
Cyclosporin is a metabolite obtained from two species of fungi isolated from soil samples collected in the Hardanger highlands of Norway in 1970. 23, 24 It is a cyclic peptide consisting of 11 amino acid residues and its immunosuppressive mechanism is based on its activity against calcineurin. 25 Cyclosporin forms a complex with cyclophilin which then inhibits the dephosphorylase activity of activated calcineurin. Without the dephosphorylation activity of calcineurin, cytoplasmic nuclear factor of activated T cells (NFAT) is not translocated into the nucleus and does not result in suppression of IL-2 mRNA transcription and the blockade of expression of many other cytokines. [26] [27] [28] Short course methotrexate plus cyclosporine has become the standard regimen for GVHD prophylaxis. 29 
Corticosteroids
While the immunosuppressive effects of corticosteroids have not yet been fully elucidated, their actions appear to be mediated by intracellular glucocorticoid receptors (GR). 30 Steroid-GR complexes form dimers after migration into the nucleus, which are then thought to act as transcription factors that recognize GR binding motifs at target gene promoters, blocking the expression of various cytokines and enzymes. 31, 32 In addition, corticosteroids also appear to suppress transcription factors, such as activation protein-1 (Jun/Fos complex) and nuclear factor-kappaB, thereby inhibiting the expression of molecules dependent on these factors including cytokines and various enzymes and receptors. [33] [34] [35] While it was reported by Chao et al. 36 in 1992 that the three-drug combination of cyclosporine, methotrexate, and methylprednisolone resulted in GVHD prophylaxis, it was later found that the addition of methylprednisolone increased the risk of bacterial and fungal infection. 37 
Tacrolimus
Tacrolimus is a metabolite isolated from Actinomyces spp 38 and, like cyclosporine, forms a complex with a specific protein (FK506-binding protein [FKBP] ) that then binds to calcineurin and inhibits its dephosphorylase activity. 25 This prevents the migration of the IL-2 gene transcription factor NFAT into the nucleus, therefore blocking subsequent IL-2 biosynthesis. 28 At some centers, tacrolimus has replaced cyclosporine based on the results of two phase III clinical trials that showed a slight decrease in grade II to IV acute GVHD after treatment with tacrolimus plus methotrexate compared with cyclosporine plus methotrexate. However, there was no difference between the treatment in terms of overall disease-free survival. 39, 40 A controlled clinical trial by Hiraoka et al. 41 showed that the incidence of grade II to IV acute GVHD within 100 days of transplantation was significantly lower among patients that received tacrolimus compared to patients that received cyclosporine. However, the study also showed a significantly higher recurrence rate following transplantation from HLA-matched sibling donors in patients treated with tacrolimus. Animal data from our institute indicated that tacrolimus significantly inhibited donor CTL activity against the leukemic cell line P815 and increased leukemic death in mice injected with P815 cells after HSCT. 42 Consequently, the GVHD prevention regimen prescribed should take into account both GVHD prophylaxis and the graft-versus-leukemia (GVL) effect.
Advances in treatment of GVHD 43 Following oral administration, MMF is hydrolyzed by esterase in the intestine and blood to release MPA. MPA exerts a more potent cytostatic effect on lymphocytes than on other cell types, such that its effect on lymphocytes is the principal mechanism of its immunosuppressive activity. 44 MMF in combination with cyclosporine and prednisolone is a useful treatment against GVHD, 45 while cyclosporine plus MMF has been shown to be beneficial in GVHD prophylaxis for nonmyeloablative transplants. 46 
Mycophenolate mofetil
Mycophenolate mofetil (MMF), also known as RS-61443, is an ester of mycophenolic acid (MPA) that inhibits the de novo synthesis of guanine nucleotides.
T cell depletion
Although T cell depletion is effective in the prevention of GVHD, the survival benefit of T cell depletion is less than expected due to increased rejection rate, leukemia relapse, and incidence of infection due to delayed recovery of immunity. [47] [48] [49] [50] The rat antibody Campath-1 recognizes the human lymphocyte antigen CD52 and effectively purges T cells in vitro by cell lysis, but leads to higher relapse rates due to ablation of the GVL effect. 49 However, in vitro T cell depletion with Campath-1 followed by in vivo application of Campath-1 has shown promising results. The incidence of acute and chronic GVHD was 4% and 3%, respectively, in a Campath-1-treated group compared with 35% and 36%, respectively, in a cyclosporine plus methotrexate-treated group. An equal risk of relapse was observed between the groups. 51 Campath-1 has also been used in nonmyeloablative HSCT with promising results. 52 
REGIMENS UNDER INVESTIGATION FOR ACUTE GVHD
Blockage of the phase 1 GVHD cascade
The GI tract is not only a major target organ of GVHD, but is also a critical amplifier of systemic GVHD severity. Damage to the intestinal mucosa by conditioning regimens allows the translocation of endotoxins from the intestinal lumen into the circulation stimulating inflammatory cytokine production by gut-associated lymphocytes and macrophages. These mechanisms amplify local tissue injury and further promote inflammatory responses in GVHD target organs (figure 1). Thus, it would be of benefit to interrupt the processes involved in GI tract damage. Reduction in doses of chemotherapy and total body irradiation used for preconditioning can reduce GVHD, as demonstrated in animal models. 14, 18 The use of nonmyeloablative conditioning should also reduce GI tract damage after allogeneic HSCT. The initial focus of allogeneic HSCT was for preventing death from marrow failure after treatment with myeloablative doses of irradiation and chemotherapy to eliminate the leukemia. Today, the emphasis has shifted to eradication of the leukemia using alloimmune effector cells, with radiation and chemotherapy doses limited to allowing donor stem cell engraftment, leading to reduced toxicity from HSCT conditioning. Several multicenter surveys have demonstrated that the GVL effect of nonmyeloablative conditioning and donor lymphocyte infusion is most effective in chronic myelogenous leukemia, whereas the benefit is less pronounced for acute leukemia and myeloma. 53 Another strategy to reduce GI tract damage is to reduce the load of gram-negative bacteria in the GI tract. While this is already current practice at a number of centers, the effect of gut decontamination on reduced GVHD severity is only partial. [54] [55] [56] An alternative to preventing GI tract damage involves strengthening the GI mucosal barrier prior to preconditioning. Three growth factors, IL-11, keratinocyte growth factor, and hepatocyte growth factor, have recently been shown to prevent GI tract damage and subsequent inflammatory responses induced by endotoxins in the GI tract lumen in murine models. [57] [58] [59] [60] [61] [62] Therapy using these growth factors preserved donor T cell responses to host antigens and significantly improved leukemia-free survival and may, therefore, form the basis of novel approaches to separate the GVL effect from GVHD. [60] [61] [62] However, the results of a phase I/II double-blind, controlled clinical trial of recombinant IL-11 in the prevention of acute GVHD were not satisfactory. Patients who received IL-11 exhibited severe fluid retention and early mortality making it impossible to determine whether IL-11 reduced the rate of acute GVHD. 63 Blockade of the phase 2 GVHD cascade Activation of IL-2 production and induction of IL-2 receptor expression by T cells requires two signals: (1) T cell receptor engagement, and (2) a costimulatory signal via CD28. 64, 65 Therefore, it may be possible to prevent GVHD by inhibiting T cell activation through blocking T cell receptor signaling and/or CD28-mediated costimulation. Two studies that used an anti-IL-2 receptor monoclonal antibody (Daclizumab) to treat patients with steroid-resistant GVHD showed complete response rates of 29% and 47%. 66 However, a randomized study of corticosteroids with or without Daclizumab for the initial treatment of acute GVHD found a significantly worse 100-day survival in patients who received corticosteroids plus Daclizumab compared to patients who received corticosteroids only (77% vs. 94%, respectively) due to both increased relapse and GVHD-related mortality. 67 CTL-associated antigen-4 binds more strongly to CD80/CD86 expressed on APCs than CD28. The chimeric CTL-associated antigen-4-Ig protein binds to CD80/CD86 with high affinity and blocks T cell CD28 binding, preventing graft rejection and GVHD in experimental models. 68, 69 Guinan et al. 70 studied 12 patients transplanted with MHC-mismatched bone marrow that had been cultured with irradiated recipient cells and CTL-associated antigen-4-Ig before infusion to induce specific anergy to recipient antigens. While patients did exhibit intestinal GVHD, none of the patients died of GVHD or experienced skin or liver GVHD. 70 
Blockade of the phase 3 GVHD cascade
The Fas receptor-Fas ligand (Fas-FasL) and perforin-granzyme pathways are the classic effector mechanisms used by CTLs and NK cells to lyse target cells. 71, 72 Several murine studies have analyzed the role of the Fas-FasL pathway in the development of GVHD by the in vivo administration of neutralizing anti-FasL antibodies. 73, 74 Although some differences between the studies were observed, the studies indicated that the Fas-FasL pathway played an important role in the development of systemic GVHD. In contrast, few studies have shown evidence for perforin-granzyme pathway involvement in systemic GVHD. Several strategies that target cytolytic pathways have been considered. For example, the Fas-FasL pathway could be inhibited with decoy receptors such as DCR3 and Fas-IgFc, metalloproteinase inhibitors, or neutralizing humanized anti-FasL antibodies. The role of TNF-α in GVHD pathogenesis has been well documented with involvement of TNF-α in intestinal GVHD shown in both mouse and human studies. [74] [75] [76] Infliximab is a genetically constructed IgG1 murine-human chimeric monoclonal antibody that binds to both the soluble and the membrane-bound forms of TNF-α, and not only blocks interaction with TNF-α receptors, but also causes the lysis of TNF-α-producing cells. Treatment with infliximab has been reported to be effective against steroid-resistant severe acute GVHD, particularly in the case with GI tract involvement. However, infliximab administration has been associated with an increased risk of fungal infections. [77] [78] [79] [80] 
TREATMENT AND PREVENTION OF CHRONIC GVHD
Corticosteroids are the most widely used treatment for chronic GVHD, 81 with only approximately 30% of patients who require secondary systemic treatment receiving medication other than corticosteroids. Although a variety of agents have been tested, secondary treatments for chronic GVHD have been shown to be less successful than primary treatment. 82, 83 Recently, salvage therapies for refractory chronic GVHD have produced promising preliminary results. A combination of MMF and tacrolimus showed an objective response in 46% of patients with refractory chronic GVHD. 84 Hydroxychloroquine is a 4-aminoquinoline antimalarial drug used for the treatment of autoimmune diseases. A Phase II clinical trial of hydroxychloroquine for steroid-resistant chronic GVHD showed a 53% response rate. 85 Pentostatin demonstrated considerable symptom response when used to treat refractory chronic GVHD in a small series of pediatric patients. 86 Extracorporeal photochemotherapy has been shown to be effective in the treatment of cutaneous T cell lymphoma and some autoimmune diseases. Several studies found improvement in the skin and visceral manifestations of chronic GVHD. 87 However, improved understanding of the pathophysiology of chronic GVHD is needed to develop more effective treatment approaches. It has been suggested that chronic GVHD is the result of autoreactive T cells that escaped negative selection due to damage to the thymus by conditioning regimens, acute GVHD, and/or age-related atrophy. 20 We recently demonstrated that transfection of the hepatocyte growth factor gene in vivo prevented the development of chronic GVHD in a murine model. 62 Hepatocyte growth factor (HGF) was originally identified and cloned as a potent hepatocyte mitogen. 88, 89 It has also been shown to have mitogenic, motogeneic, and morphogenic effects on various non-hepatic epithelial tissues, particularly the kidneys, lungs, and intestine. [90] [91] [92] Intravenous injection of recombinant HGF enhanced liver and kidney regeneration in mice, prevented acute renal failure, and suppressed the onset of dimethylnitrosamine-induced liver cirrhosis suggesting HGF appears to play an important role in tissue repair. 90, 93 Serum HGF levels were found to be significantly increased in patients with acute GVHD, which suggested that HGF was produced to counteract the tissue damage caused by acute GVHD. 94 Therefore, we attempted to treat a murine model of acute GVHD with HGF.
Repeated transfections of the human HGF gene into the skeletal muscle of GVHD mice strongly inhibited acute GVHD by limiting GI injury and the subsequent endotoxin-mediated inflammatory cascade. 59 HGF also protected against thymic injury caused by acute GVHD, therefore preventing the generation of host-reactive T cells and the development of chronic GVHD. 62 Chronic GVHD is characterized by the stimulation of donor T cells toward the Th2 phenotype.
Via et al. 95 observed an augmented donor anti-host CTL response in IL-12-treated mice with chronic GVHD, and conversion to acute GVHD in parent-to-F1 mouse experiments. Okamoto et al. 96 examined the effect of murine recombinant IL-18 treatment and demonstrated the prevention of chronic GVHD. IL-18 treatment also augmented donor anti-host CTL, but did not lead to acute GVHD as observed with IL-12 suggesting IL-18 may be useful in novel therapies for patients after HSCT. 96 We also examined the effect of HGF on Th2 immune responses using the parent-to-F1 murine model. HGF treatment effectively prevented the proteinuria and histological changes of glomerulonephritis.
Liver sections from control GVHD mice showed prominent primary biliary cirrhosis-like changes, indicated by lymphocyte infiltration into the periportal area of the liver. HGF-treated GVHD mice showed reduced histological changes of primary biliary cirrhosis. HGF-treated mice also showed down-regulation of Th2 cytokine mRNA expression in the spleen, liver, and kidneys. HGF may therefore represent a novel strategy for the control of Th2 immune responses in chronic GVHD.
FUTURE DIRECTIONS
A successful outcome of HSCT involves engraftment, prevention of GVHD, eradication of leukemia, and immune reconstitution. GVHD and GVL are closely linked; the severity of GVHD is inversely correlated with the probability of a relapse after allogeneic HSCT. 97 At present, Advances in treatment of GVHD several strategies are being developed to separate GVHD from GVL activity. Most efforts are being focused on the identification of GVHD-specific and tumor-specific antigens, and the application of T cells that respond to tumor antigens for adoptive cell therapy. 70, [98] [99] [100] Neutralization of inflammatory cytokines with antibodies 18, [74] [75] [76] or blocking endotoxin translocation from the GI tract lumen into the systemic circulation to decrease inflammatory cytokine responses 60-62 also appears to be useful for the separation of GVHD from GVL activity (table 1) . However, effective control of GVHD will most likely involve the blocking of several steps in GVHD pathogenesis using several approaches in concert.
New methods of reducing toxicity while retaining the anti-tumor potential of HSCT, including donor lymphocyte infusion and nonmyeloablative conditioning, have led to a significant decrease in the occurrence of acute GVHD. Unfortunately, along with the decline of acute GVHD, chronic GVHD has begun to emerge as a major complication of HSCT. 101 Chronic GVHD occurs in approximately 60% of patients who survive for more than 100 days after receiving an allogeneic marrow or peripheral blood stem cell transplant without T cell depletion of the graft. It represents a major cause of morbidity and mortality following allogeneic HSCT. It has been suggested that chronic GVHD is due to damage to the thymus from conditioning regimens, acute GVHD, and/or age related atrophy that allows autoreactive T cells to escape negative thymus selection. 20 Chronic GVHD is also characterized by the stimulation of donor T cells toward the Th2 phenotype. Therefore, new strategies to block thymic injury using keratinocyte growth factor or HGF, as well as inhibiting Th2 activation by IL-18, may prove useful in the treatment of chronic GVHD. 61, 62, 96 
CONCLUSIONS
The mechanisms of GVHD have been progressively elucidated over recent years and new treatments have been developed using experimental models. However, both acute and chronic GVHD remain difficult to treat. Many clinical approaches to acute GVHD, such as treatment with immunosuppressants or ex vivo T cell depletion of the HSCT, reduce GVL activity. The most effective approach to treat acute GVHD is likely to be one that disrupts all three phases of the GVHD cascade synergistically. For example, a useful strategy might involve blocking GI tract damage by treatment with IL-11, keratinocyte growth factor, or HGF along with induction of specific anergy using a CTL-associated antigen-4 monoclonal antibody and neutralization of TNF-α using infliximab.
Chronic GVHD may be the result of autoreactive T cells that escaped negative selection due to the thymus being damaged by the conditioning regimen, acute GVHD, and/or age-related atrophy, and also involves increased Th2 immune responses. Therefore, blocking thymic injury using keratinocyte growth factor, HGF, or inhibition of Th2 activation by IL-18 may represent useful treatments for chronic GVHD. The various new treatment options currently being examined in animal models should improve the outlook for patients with acute or chronic GVHD.
Strategy Reference
Delayed infusion of donor leukocytes 53, 101
Induction of specific anergy to alloantigens 70
Positive selection of donor cells with anti-leukemic activity 98, 99
Introduction of a suicide gene into donor T cells 100
Neutralization of inflammatory cytokines 18, 74-76
Blocking of endotoxin translocation from the gut lumen into the systemic circulation 60-62 Table 1 . Strategies to separate GVHD from GVL activity.
